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Abstract
With approximately half of the world’s population at risk of contracting dengue, this mosquito-borne disease is of
global concern. International travellers significantly contribute to dengue’s rapid and large-scale spread by importing
the disease from endemic into non-endemic countries. To prevent future outbreaks and dengue from establishing in
non-endemic countries, knowledge about the arrival time and location of infected travellers is crucial. We propose
a network model that predicts the monthly number of dengue infected air passengers arriving at any given airport.
We consider international air travel volumes, monthly dengue incidence rates and temporal infection dynamics.
Our findings shed light onto dengue importation routes and reveal country-specific reporting rates that have been
until now largely unknown.
The well connected structure of the global air trans-
portation network and the steadily increasing vol-
ume of international travel has a vast impact on the
rapid, large-scale spread of arboviral and other dis-
eases [12, 14, 24, 31, 34, 54]. A recent example of
disease introduction to a novel region is the spread
of the Zika virus from Brazil to Europe, the United
States and other countries, which prompted the World
Health Organisation (WHO) to announce a public
health emergency of international concern in early
2016. Investigations confirmed that international vi-
raemic travellers were a major contributing factor to
the rapid spread [13].
With an estimated 50-100 million symptomatic in-
fections each year [11, 52], dengue is ranked the most
important mosquito-born disease [45, 63]. The rapid
geographic spread is, to a great extent, driven by the
increase in international air travel [27, 39]. In addi-
tion, dengue is severely under-reported, making it ex-
tremely challenging to monitor and prevent the spread
of the disease. Presumably, 92% of symptomatic infec-
tions are not reported to health authorities [52]. Low
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reporting rates can have many reasons, including low
awareness levels and misdiagnosis [11, 51].
Due to the rapid global spread of dengue as well as
severe under-reporting, many countries are facing the
threat of ongoing local transmission in the near fu-
ture [45]. In non-endemic countries, each local dengue
outbreak is triggered by an imported case [18], a person
who acquired the disease overseas and transmitted the
virus to local mosquitoes. To prevent ongoing dengue
transmission in non-endemic countries, it is critical to
forecast the importation of disease cases into these ar-
eas and move from responsive containment of dengue
outbreaks to proactive outbreak mitigation measures.
The majority of existing models forecast relative
rather than absolute risk of dengue importation and
are unable to predict the total number of imported
disease cases [27, 50, 28]. The few models that can
predict absolute numbers are region-specific rather
than global [62, 47, 41]. The most recently pro-
posed model estimates the total number of imported
dengue cases for 27 European countries [41], however,
the model has several limitations: (i) Monthly inci-
dence rates were based on dengue cases reported to
the World Health Organisation (WHO) despite dengue
being under-reported and the general consensus that
the actual number of cases is much higher than the
figures published by the WHO [52, 11]; (ii) Only 16
countries were considered as possible sources of im-
portation. The authors reason that these 16 coun-
tries contribute 95% of all global dengue cases, refer-
ring to numbers published by the WHO. Since African
countries do not report to the WHO, and dengue re-
mains an under-reported disease in many other coun-
tries [53, 37, 59, 60], it is likely that the percentage
contribution to the number of global dengue cases by
the 16 selected countries is strongly biased; (iii) Sea-
sonal distributions of dengue cases were inferred based
on information from only two source countries (Latin
American countries were assumed to have similar sea-
sonalities to Brazil, while Thailand served as a proxy
for countries in South-east Asia). The assertion that all
countries within a given global region experience sim-
ilar seasonal fluctuations in dengue infections is likely
inaccurate. For example, dengue notifications peak be-
tween April and December in Thailand, while Indone-
sia reports the highest number of dengue cases from
November to April [36].
The contribution of this paper is twofold: First, we
develop a networked model that overcomes the lim-
itations of previous models by employing global air
passenger volumes, country-specific dengue incidence
rates and country-specific temporal infection patterns.
We construct weighted directed networks, using data
collected by the International Air Transportation Asso-
ciation (IATA) to capture the movement of air passen-
gers. We calculate monthly, country-specific dengue
incidence rates by combining data from the Global
Health Data Exchange [29], the most comprehensive
health database, and known seasonal patterns in re-
ported dengue infections [36]. Further, we distinguish
between two categories of travellers: returning resi-
dents and visitors. The number of days people from
these two categories spend in an endemic country, and
therefore the risk of being infectious on arrival, vary
greatly. More detail is provided in the Materials and
Methods section. The model predicts the number of
imported dengue cases per month for any given air-
port and can be applied with relative ease to other
emerging infectious diseases of global concern, such as
Ebola, MERS, malaria or Zika.
Second, we apply the model to infer time-varying,
region-specific reporting rates, defined as the ratio of
reported to actual infections. Dengue reporting rates
vary greatly across space and time, often by several
orders of magnitude, and hence are difficult to de-
termine [52]. The usual approach towards estimating
country-specific reporting rates is to carry out cohort
or capture-recapture studies that can be costly, are
time consuming and may be biased [56]. Consequently,
dengue reporting-rates remain unknown for most coun-
tries [52].
In this paper we focus on those countries that are
most at risk of dengue introduction, ie. non-endemic
countries with vector presence. These countries will
have the greatest benefit from our model as knowledge
about the likely arrival times and places of infected
people is crucial to prevent local outbreaks.
Results
We run our model for two different years to explore the
robustness of the proposed methodology. Specifically,
the analysis is conducted for 2011 and 2015. Figure 1
shows the number of predicted imported dengue in-
fections per airport for August 2015, where the size
of a node indicates the number of dengue cases im-
ported through the corresponding airport, with larger
nodes indicating more importations. The colour of a
node also encodes the number of predicted imported
infections, where blue represents relatively fewer in-
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Figure 1. Predicted dengue importations for August 2015. The map shows all airports that are predicted to receive
imported dengue infections during August 2015. Node size is scaled proportional to the estimated number of imported dengue
cases through the corresponding airport. The colour of a node also encodes the number of predicted imported infections,
where blue represents relatively fewer infections and red represents relatively more infections. Endemic countries are coloured
light grey. Countries that are non-endemic and where dengue vectors (Aedes aegypti and/or Aedes albopictus) are present
are coloured in dark grey.
fections and red represents relatively more infections.
The map clearly shows that many non-endemic regions
where the dengue transmitting vectors Aedes agypti or
Aedes albopictus are present (coloured in dark grey)
have airports that are predicted to receive a high num-
ber of dengue infections. This observation is notable as
a single imported case can trigger a local outbreak [49].
As resources for the control and prevention of dengue
are often limited [44], these countries face a high risk
of future endemicity.
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Figure 2. Predicted monthly dengue importations
by airport. The number of predicted imported dengue
infections for the top ten airports in non-endemic coun-
tries/states with vector presence for each month in (A)
2011 and (B) 2015. Airports are abbreviated using the
corresponding IATA code. A full list of abbreviations can
be found in the supplementary material.
In Figure 2 we plot the number of predicted dengue
importations over time for the ten airports that re-
ceive the highest number of cases, lie in non-endemic
regions with vector presence and where local cases have
been reported in the past. The number of dengue im-
portations is not constant across time and instead a
seasonal pattern is clearly visible. While the majority
of airports listed in Figure 2 are predicted to receive
between 50 and 100 cases each month, Miami Interna-
tional Airport (MIA) is estimated to receive between
165 and 270 cases each month during both years. With
Orlando International Airport (MCO) and Fort Laud-
erdaleHollywood International Airport (FLL) also rep-
resented amongst the airports with the highest num-
ber of imported cases, Florida faces a high risk of local
dengue outbreaks. We hypothesise that Florida re-
ceives such a high number of imported dengue cases
due to its close proximity to the Caribbean, which is
endemic since the 1970s [7]. Los Angeles International
Airport (LAX) is predicted to receive the second high-
est number of imported cases. In 2011 its monthly pre-
dictions vary between 103 and 183 cases and in 2015
between 120 and 222 cases. The remaining airports
listed in Figure 2 are located in France, Argentina,
Texas, Italy, Spain and Queensland, Australia. A full
ranking of all airports can be found in the supplemen-
tary material.
In addition to calculating the number of imported
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2011 2015
Orig. Dest. Pax Month Orig. Dest. Pax Month
SJU MCO 42 Jul SJU MCO 40 Jul
FDF ORY 34 Aug PTP ORY 37 Aug
CUN MIA 29 Aug FDF ORY 33 Aug
GDL LAX 24 Aug GRU MIA 26 Jan
SDQ MIA 23 Aug SJU FLL 25 Jul
PUJ MIA 21 Jul TPE LAX 25 Aug
SJU FLL 21 Jul GDL LAX 21 Aug
SAL LAX 21 Jan DEL KBL 21 Aug
GRU MIA 20 Mar CUN MIA 21 Aug
GRU EZE 20 Mar CUN LAX 20 Aug
Table 1. The ten routes with the highest predicted
number of dengue infected passengers with final
destinations in non-endemic countries with vector
presence. The table lists the direct routes with the high-
est predicted volume of dengue infected passengers who
continue to travel to non-endemic regions with vector pres-
ence and where local outbreaks have been reported in the
past. The last column records the month during which the
highest number of infected passengers are predicted.
dengue infections per airport, the model further pro-
vides the number of infected passengers travelling be-
tween any two airports, thus revealing common im-
portation routes. Table 1 lists the routes that carry
the highest number of infected passengers whose final
destinations lie in non-endemic countries with vector
presence. Table S4 in the supplementary material lists
the routes that carry the highest number of infected
passengers whose final destinations lie in non-endemic
countries irrespective of whether vectors are present.
For example, the route between Denpasar and Perth is
ranked fourth in Table S4, but it is not considered in
the ranking shown in Table 1, as there are no vectors
in Perth. We also included a map of all importation
routes into non-endemic countries with vector presence
in the supplementary material.
In both years the highest predicted number of
infected passengers are recorded mostly during the
northern hemisphere’s summer. The routes between
Monsen˜or O´scar Arnulfo Romero International Air-
port (SAL) in El Salvador and Los Angeles Interna-
tional Airport (LAX), Sa˜o Paulo International Airport
(GRU) and Miami International Airport (MIA) and
Sa˜o Paulo International Airport and Ministro Pistarini
International Airport (EZE) in Argentina are the ex-
ceptions, where the highest number of infected passen-
gers are predicted during January and March. Interest-
ingly, the routes with the highest estimated number of
dengue infected passengers do not terminate at major
stop-over airports such as Singapore or Dubai but at
airports in countries that are non-endemic and where
dengue transmitting vectors are present.
Returning residents and visitors
Next, we aggregate airports by country to predict the
number of imported dengue infections on a coarser
level. For Australia and the United States, we aggre-
gate airports by state since dengue transmitting vec-
tors are not present in all states. In Australia vectors
are present only in Queensland (QLD) [10]. While vec-
tors have been observed in more than 40 different US
states, autochthonous cases have been reported only in
California, Florida, Hawaii and Texas [32].
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Figure 3. Predicted imported dengue infections for
returning residents and visitors. Here we show the
results for non-endemic countries/states with vector pres-
ence with the highest number of predicted imported dengue
cases in (A) 2011 and (B) 2015. The bars are stacked to
distinguish between returning residents (green) and visitors
(blue). The blue solid line corresponds to the total number
of imported cases. The error bars correspond to the model’s
coefficient of variance (13.49%) that was inferred through
Monte Carlo simulations (see supplementary material).
Our model separately calculates the number of
dengue infected people amongst returning residents
and visitors and hence we can identify which of these
groups is more likely to import the disease into a given
country or state. Figure 3 shows the results for six
non-endemic countries/states that receive a high num-
ber of dengue importations each month. Results for
the remaining countries and states are shown in the
supplementary material. We observe that the contri-
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Figure 4. Predicted percentage contribution of dengue importations by country of acquisition.The predicted
percentage contribution by source country and month in (A) 2011 and (B) 2015. The size and colour of the circles indicate
the percentage contribution of the corresponding country to the total number of imported cases. We used three-letter country
codes (published by the International Organisation for Standardization) to abbreviate the source countries listed along the
y-axis. The y-labels also indicate the yearly percentage contribution of the corresponding source country.
butions of returning residents and visitors to the total
number of imported dengue infections is predicted to
vary greatly between the different countries and states.
In Florida and QLD returning residents are predicted
to be the main source of dengue importation, while in
the three European countries and Argentina visitors
are also predicted to contribute a great amount. In
Argentina, France and Italy approximately one third
of all dengue infections are predicted to be imported by
visitors while in Spain visitors import around 75% of
all imported cases. For the United States there is evi-
dence in the form of surveillance reports that returning
residents are indeed the main contributors to dengue
importations [57]. Dengue case data for QLD (pro-
vided by Queensland Health) shows that 97% and 92%
of all dengue importations in 2011 and 2015 respec-
tively were imported by returning residents, strongly
supporting our predictions, which show that 95% of
infections were imported in 2011 and 94% of infections
were imported in 2015 by returning residents.
Countries of acquisition
In addition to being able to distinguish between re-
turning residents and visitors, the model also divides
the imported cases according to their places of acquisi-
tion. Figure 4 shows the model’s estimated percentage
contribution of dengue importations by source country.
Florida is predicted to import most infections from
the Caribbean and Latin America, with infections ac-
quired in Puerto Rico (PRI) predicted to peak during
June and July and infections acquired in Brazil pre-
dicted to peak between January and April. France
is predicted to receive many infections from the
Caribbean, in particular from Martinique and Guade-
loupe. These predictions align with the fact that out-
breaks of dengue in France coincide with outbreaks in
the French West Indies, where most reported cases are
acquired [58, 38]. In Italy the model predicts that the
most common countries of acquisition are India and
Brazil, while Spain is predicted to import the majority
of infections from Latin America and the Caribbean.
For QLD the model predicts that imported cases are
acquired mostly in South-east Asia with Indonesia be-
ing the largest source. This is in agreement with pre-
vious studies [61] and the dengue case data that was
provided by Queensland Health. The supplementary
material includes a rank based validation of these re-
sults.
Country-specific reporting rates
The reporting rate of a disease is defined as the ratio
of reported infections to actual infections. Dengue re-
porting rates vary greatly across space and time and
are difficult to determine [52]. The usual approach to
estimating country-specific reporting rates is to carry
out cohort or capture-recapture studies that can be
costly, are time consuming and may be biased [56].
We utilised our model to infer country and state-
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2011 2015
Dec-Feb Mar-May Jun-Aug Sep-Nov Yearly Dec-Feb Mar-May Jun-Aug Sep-Nov Yearly
Western Australia 79.1 49.5 29.3 17.9 36.2 86 92.4 39.9 19.8 39.9
South Australia 23 13.6 13.5 21.5 21.9 44.1 38 19.5 11.9 35.7
Queensland 42.3 21 15.5 20.7 20.7 35.6 45 16.4 23.2 27.5
Victoria 23.4 12.4 12.6 10.5 12.6 40 46.5 27.8 23.2 27.8
New South Wales 26 13.1 11.6 10.4 13.1 29.6 26.3 20.5 21.6 23.2
Spain - - - - - 12.1 12.7 18.8 24.8 18.8
Italy 2.7 3.9 2.3 4.1 2.6 3.2 6 9.2 12.8 9
France 2 2.8 2.3 1.2 2.1 4.3 7.2 8.2 6.7 6.7
Florida 1 0.3 0.3 1.6 1 1.1 0.8 1.4 3 1.1
Table 2. Yearly and seasonal reporting rates. The table shows the estimated reporting rates for five Australian states,
Spain, Italy, France and Florida. We estimate the reporting rates by minimising the mean absolute error over the range of
possible reporting rates.
specific reporting rates by comparing reported cases
of imported dengue infections to the model’s predic-
tions. For countries where monthly data is available,
we minimise the average monthly difference between
the model’s prediction and the reported number of im-
ported dengue cases over the range of possible report-
ing rates. In addition to yearly reporting rates, we
infer seasonal rates in the same manner.
Table 2 shows the estimated yearly and seasonal
reporting rates for five Australian states, Florida,
France, Italy and Spain1. The results show that re-
porting rates are highest in Australia (12.6% - 36.2%
in 2011 and 23.2% - 39.9% in 2015), in particular dur-
ing summer and autumn. This is expected as dengue
awareness campaigns are intensified between Novem-
ber and April [48]. In contrast, Florida has the low-
est dengue reporting rate (approximately 1% in both
years). This finding is supported by a previous study
which found that awareness levels in Florida are ex-
tremely low [33]. The estimated reporting rates for
the European countries are also low, but the model
predicts a substantial increase from 2011 to 2015.
1Monthly dengue data for all Australian states is
published by the Australian Department of Health
(http://www9.health.gov.au/cda/source/rpt_1_sel.cfm).
All reported cases for states other than QLD were acquired
overseas. To distinguish locally acquired and imported cases
in QLD, we use case-based data from Queensland Health
where the country of acquisition is recorded. Travel re-
lated dengue cases reported in Europe are published by
the European Centre for Disease Prevention and Control
(http://ghdx.healthdata.org/gbd-results-tool). Data for
Florida is available from the Florida Department of Health
(http://www.floridahealth.gov/diseases-and-conditions/
mosquito-borne-diseases/surveillance.html)
Discussion
To mitigate the risk of outbreaks from importation of
dengue into non-endemic regions it is critical to predict
the arrival time and location of infected individuals.
We modelled the number of dengue infections arriv-
ing each month at any given airport, which enabled
us to estimate the number of infections that are im-
ported into different countries and states each month.
In addition, the model determines the countries of ac-
quisition and hence is able to uncover the routes along
which dengue is most likely imported. Our results also
revealed country and state-specific reporting rates.
Such knowledge can inform surveillance, education
and risk mitigation campaigns to better target trav-
ellers along high risk importation routes at the most
appropriate times. It will also help authorities to more
efficiently monitor those airports with the highest risk
of receiving dengue infected passengers.
The model proposed here overcomes many of the
shortcomings of previous models, however, it is not
without limitations. Validation through comparison
of reported cases to predicted cases is infeasible due
to the high degree of under-reporting. However, we
demonstrate that the uncertainty of the model itself is
low by showing that the coefficient of variation equals
13.49% (see supplementary material). A rank based
validation for Queensland confirmed that the different
importation sources are accurately predicted.
Incidence rates may vary considerably from region to
region within the same country [55] and higher resolu-
tion data could improve the model’s predictions, as it
would better reflect the export of dengue cases from the
individual regions. Region-specific incidence rates can,
for instance, be combined with traveller visitation spa-
tial patterns to determine the likelihood of travellers
to export dengue out of endemic countries. Additional
6
data on individuals’ travel behaviour may also be ben-
eficial, as it can be analysed to improve the estimation
of the average time that a person has spent in a specific
county before arriving at a given airport. Our assump-
tion that returning residents and visitors are exposed
to the same daily incidence rates is a simplification.
Further details on the types of accommodation, for ex-
ample, resorts vs local housing, could also be used to
inform the daily incidence rates, due to variations in
vector control.
Materials and Methods
The air transportation network
We begin by constructing 24 weighted, directed net-
works, using IATA data, to represent the monthly
movement of air passengers in 2011 and 2015. The net-
works for the respective year are denoted Gm = (V,E),
with m = 1, . . . , 12 indicating the month of the year.
The node set V comprises more than 10,000 airports
recorded by IATA. To distinguish the travellers by
their country of embarkation, we represent the edges of
the network as ordered triples, (i, j, ωi,j(c) ∈ E), where
i, j ∈ V are the origin and the destination airports re-
spectively and ωi,j(c) is a function that outputs the
number of passengers who initially embarked in coun-
try c and travel from airport i to airport j.
Incidence rates and seasonal distributions
Calculating the number of infected passengers re-
quires monthly country-specific dengue incidence rates.
Country-level yearly estimates of symptomatic dengue
incidence rates together with their 95% confidence
intervals are available from the Global Health Data
Exchange [29]. The estimates are obtained using
the model published in [52] and account for under-
reporting.
To deduce monthly incidence rates for each country
we divide the year into two periods, corresponding to
the peak-season and off-season of dengue transmission
in the corresponding country. We obtained informa-
tion on dengue seasonality from the International As-
sociation for Medical Assistance to Travellers [36]. The
data is given in the supplementary materials.
To model incidence rates during the peak-season,
we use a modified cosine function with altered period
that matches the length of the season. The function
is shifted and its amplitude adjusted so that its peak
occurs midway through the peak season with a value
equal to the upper end of the 95% confidence interval
of the yearly incidence rate divided by twelve. For the
months outside the peak-season we divide the lower
end of the confidence interval by twelve if dengue oc-
curs throughout the year and set it to zero otherwise.
Inferring the number of infected passengers
Next, we present a mathematical model that approx-
imates the number of dengue infected people for each
edge in the network Gm(V,E). The time between being
bitten by an infectious mosquito and the onset of symp-
toms is called the intrinsic incubation period. This pe-
riod closely aligns with the latent period, after which
dengue can be transmitted to mosquitoes [17]. The
intrinsic incubation period lasts between three and 14
days (on average 5.5 days), after which a person is in-
fectious for approximately two to ten days (on average
five days) [30, 19]. That is, for travellers to import the
infection into a new location they must have been in-
fected with dengue within an average of 11 days (range
5-24 days) prior to arriving at an airport of the new
location. We denote this period by n. The probabil-
ity pc,r,m of a person, who arrives from country c to
an airport in region r (r is not a region of c) during
month m, being infectious with dengue (or a similar
arboviral disease) is then given by Equation 1, where
βc,m is the probability that a person who visits coun-
try c is infected with dengue at any given day during
month m and tc,r is the number of days the person
spent in country c before arriving at some airport in
region r. The first term in the first equation accounts
for the probability of being infected on the last day of
the tc,r-day trip, but not on any of the previous tc,r−1
days. The remaining terms cover all other possibilities
(ie. of being infected on the second last day, but not
on any of the previous days etc.). The equation holds
if tc,r ≥ n− 1. If tc,r < n− 1 Equation 2 holds.
Since we lack information on how long each individ-
ual spent in country c before arriving at an airport of
region r, we estimate parameter tc,r by 〈t〉resc,r if the
person is a returning resident, 〈t〉resc,r being the average
number of days a resident of region r spends in coun-
try c before returning home. If the person is a visitor,
the parameter tc,r is approximated by 〈t〉visc,r , the av-
erage number of days the person has spent in country
c before arriving at an airport in region r. We dis-
tinguish between returning residents and visitors since
〈t〉resc,r  〈t〉visc,r . Returning residents are expected to
have stayed a couple of weeks in the endemic country,
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pc,r,m = βc,m(1− βc,m)tc,r−1 + . . .+ βc,m(1− βc,m)tc,r−(n−1)
= βc,m(1− βc,m)tc,r−(n−1)
[
1 + (1− βc,m) + . . .+ (1− βc,m)n−2
]
= βc,m(1− βc,m)tc,r−(n−1) 1− (1− βc,m)
n−1
1− (1− βc,m)
= (1− βc,m)tc,r−(n−1)
[
1− (1− βc,m)n−1
]
(1)
pc,r,m = βc,m(1− βc,m)tc,r−1 + . . .+ βc,m(1− βc,m) + βc,m
= βc,m + βc,m(1− βc,m)
[
1 + (1− βc,m) + . . .+ (1− βc,m)tc,r−2
]
= βc,m + βc,m(1− βc,m)1− (1− βc,m)
tc,r−1
1− (1− βc,m)
= βc,m + (1− βc,m)
[
1− (1− βc,m)tc,r−1
]
(2)
while visitors may have spent their whole life in the
country.
We assume that the average time a resident of region
r spends in country c is approximately 15 days. On the
other hand, a resident of an endemic country likely
spent all his life in the endemic country. We assume
that the average age of a visitor arriving from coun-
try c is equal to c’s median population age. Median
population ages by country are published in the World
Factbook by the Central Intelligence Agency [16].
Proportion of residents and travellers
Lastly, we need to infer the ratio between returning
residents and visitors. As this information is not con-
tained in the IATA itineraries, we use international
tourism arrival data from the World Tourism Organi-
sation [64].
The data contains the yearly number of international
tourist arrivals by air for each destination country.
From the IATA data we calculate the total number of
arrivals per year for each country and hence can infer
the ratio of visitors to returning residents. As we lack
sufficient data, we assume that the ratio of visitors to
residents is the same for each month.
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IATA data
The International Air Transportation Association (IATA) has approximately 280 airline members who together
contribute to approximately 83% of all air traffic. Data is collected in form of travel routes, detailing the origin,
destination and stopover airports1. It contains over 10,000 airports in 227 different countries and dependencies.
For each route the total number of passengers per month is given. We do not have any information on stopover
times and whether passengers are leaving the airport during their stopover and therefore assume that all passengers
continue their journey to the final destination instantly. Table S2 lists the IATA 3-Letter Codes used to abbreviate
airports in the main manuscript.
As the recorded itineraries do not include any travel on chartered flights, we compare the IATA passenger volumes
to official airport passenger statistics [1, 20, 42, 43, 4, 23, 25, 8, 21, 35, 40, 65, 15, 2, 9, 46, 3, 26, 6] to quantify the
potential discrepancies between actual travel patterns and that reported by IATA. We do not make any predictions
for airports in those countries where the difference in passenger numbers is greater than 15% (at country level),
as the predictions will likely be inaccurate. Table S1 lists the countries for which predictions are likely inaccurate.
We also excluded Singapore as a source of importation for Australia for the following reason: The Department of
Home Affairs publishes Arrival Card data [22] that can be used to validate the IATA data. A comparison of the
monthly travel volume from Singapore to Australia revealed that the IATA data overestimates travel volumes by
approximately 112% on average in 2011 and 2015. This may be due to individuals who travel from other countries
to Singapore and then directly continue to Australia and do not book their entire trip in one itinerary (this would be
recorded as two separate trips in the IATA data that cannot be linked to each other). Due to this large discrepancy
in the travel data we believe that our model will significantly overestimate the number of dengue infections imported
from Singapore, and therefore exclude it as a source country for Australia.
Table S1. List of countries where IATA data is inaccurate
Algeria Antigua and Barbuda Bahrain Barbados
Bonaire, Saint Eustatius & Saba Bulgaria Cape Verde Central African Republic
Colombia Cote d’Ivoire Croatia Cuba
Dominican Republic Egypt Ethiopia Federated States of Micronesia
Finland Germany Guinea-Bissau Greece
Hong Kong Hungary Iceland Iran
Israel Jamaica Kenya Laos
Malawi Morocco Mozambique Netherlands
Nigeria Palau Panama Russian Federation
Saint Lucia Saint Vincent and the Grenadines Saudi Arabia Serbia
Seychelles Slovenia South Africa South Korea
Tanzania Togo The Gambia Tunisia
Turkey Uganda Ukraine United Arab Emirates
Zambia
1The air travel data used in this study are owned by a third party, and were licensed for use under contract by International Air
Travel Association (IATA)- Passenger Intelligence Services (PaxIS): http://www.iata.org/services/statistics/intelligence/paxis/
Pages/index.aspx. The same data can be purchased for use by any other researcher by contacting: Phil GENNAOUI Regional Manager
- Aviation Solutions (Asia Pacific) Tel: +65 6499 2314 — Mob: +65 9827 0414 gennaouip@iata.org — www.iata.org
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Table S2. List of airport abbreviations
IATA
3-Letter
Code
Name City (Country/State) IATA
3-Letter
Code
Name City (Country/State)
AEP Jorge Newbery Airport Buenos Aires (Ar-
gentina)
LAX Los Angeles Interna-
tional Airport
Los Angeles (California)
BKK Suvarnabhumi Airport Bangkok (Thailand) LHR Heathrow Airport London (UK)
BNE Brisbane Airport Brisbane (Queensland) MAD Adolfo Sua´rez Madrid-
Barajas Airport
Madrid (Spain)
BOM Chhatrapati Shivaji In-
ternational Airport
Mumbai (India) MCO Orlando International
Airport
Orlando (Florida)
CDG Charles de Gaulle Air-
port
Paris (France) MEX Mexico City Interna-
tional Airport
Mexico City (Mexico)
COK Cochin International
Airport
Kochi (India) MIA Miami International Air-
port
Miami (Florida)
CUN Cancu´n International
Airport
Cancu´n (Mexico) MNL Ninoy Aquino Interna-
tional Airport
Manila (Philippines)
DEL Indira Gandhi Interna-
tional Airport
New Delhi (India) MTY Monterrey International
Airport
Apodaca (Mexico)
DFW Dallas/Fort Worth In-
ternational Airport
Dallas (Texas) MXP Milan Malpensa Airport Milan (Italy)
DPS Ngurah Rai Interna-
tional Airport
Denpasar (Indonesia) NRT Narita International
Airport
Tokyo (Japan)
DXB Dubai International Air-
port
Dubai (UAE) ORY Paris Orly Airport Paris (France)
EZE Ministro Pistarini Inter-
national Airport
Buenos Aires (Ar-
gentina)
PER Perth Airport Perth (Western Aus-
tralia)
FDF Martinique Aime´
Ce´saire International
Airport
Forte-de-France (Mar-
tinique)
PTP Pointe-a`-Pitre Interna-
tional Airport
Pointe-a`-Pitre (Guade-
loupe)
FLL Fort LauderdaleHol-
lywood International
Airport
Miami (Florida) PUJ Punta Cana Interna-
tional Airport
Punta Cana (Dominican
Republic)
GDL Miguel Hidalgo y Cos-
tilla Guadalajara Inter-
national Airport
Guadalajara (Mexico) SAL Monsen˜or O´scar Arnulfo
Romero International
Airport
San Salvador (El Sal-
vador)
GRU Sa˜o Paulo International
Airport
Sa˜o Paulo (Brazil) SDQ Las Ame´ricas Interna-
tional Airport
Punta Caucedo (Do-
minican Republic)
ICN Incheon International
Airport
Seoul (South Korea) SFO San Francisco Interna-
tional Airport
San Francisco (Califor-
nia)
IAH George Bush Interconti-
nental Airport
Houston (Texas) SJU Luis Mun˜oz Mar´ın Inter-
national Airport
San Juan (Puerto Rico)
JFK John F. Kennedy Inter-
national Airport
New York City (New
York)
STI Cibao International Air-
port
Santiago de los Ca-
balleros (Dominican
Republic)
KBL Hamid Karzai Interna-
tional Airport
Kabul (Afghanistan) TPE Taiwan Taoyuan Inter-
national Airport
Taipei (Taiwan)
10
Airport ranking
Table S3 shows the predicted annual number of imported dengue cases for each airport that received at least 10
infections per year in 2011 and 2015.
Table S3. Annual estimated imported dengue cases per airport
Code Imported
cases 2011
Imported
cases 2015
Name City Country/State
MIA 2412 2557 Miami International Airport Miami Florida
LAX 1522 1878 Los Angeles International Airport Los Angeles California
CDG 961 1259 Charles De Gaulle Airport Paris France
SFO 832 1168 San Francisco International Airport San Francisco California
MCO 823 1038 Orlando International Airport Orlando Florida
FLL 790 970 Fort LauderdaleHollywood International
Airport
Miami Florida
IAH 600 809 George Bush Intercontinental Airport Houston Texas
ORY 655 789 Paris Orly Airport Paris France
EZE 597 660 Ministro Pistarini International Airport Buenos Aires Argentina
BNE 382 536 Brisbane International Airport Brisbane QLD
DFW 380 479 Dallas/Fort Worth International Airport Dallas Texas
MAD 400 460 Adolfo Sua´rez MadridBarajas Airport Madrid Spain
FCO 350 435 Leonardo da VinciFiumicino Airport Rome Italy
MXP 363 420 Milan Malpensa Airport Milan Italy
AEP 262 228 Jorge Newbery Airport Buenos Aires Argentina
MLE 207 228 Velana International Airport Male Maldives
TPA 161 225 Tampa International Airport Tampa Florida
BCN 153 217 BarcelonaEl Prat Airport Barcelona Spain
SXM 160 185 Princess Juliana International Airport St. Maarten Sint Maarten
SAN 142 181 San Diego International Airport San Diego California
CUR 149 176 Curac¸ao International Airport Curac¸ao Curac¸ao
BEY 123 164 BeirutRafic Hariri International Airport Beirut Lebanon
HNL 123 154 Daniel K. Inouye International Airport Honolulu Hawaii
KBL 108 154 Hamid Karzai International Airport Kabul Afghanistan
POS 199 151 Piarco International Airport Piarco Trinidad and
Tobago
SAT 80 128 San Antonio International Airport San Antonio Texas
ACC 97 126 Kotoka International Airport Accra Ghana
OOL 56 125 Gold Coast Airport Coolangatta QLD
AUS 71 123 Austin-Bergstrom International Airport Austin Texas
VCE 77 111 Venice Marco Polo Airport Venice Italy
SJC 87 99 San Jose International Airport San Jose California
SMF 70 93 Sacramento International Airport Sacramento California
COR 47 79 Sacramento International Airport Co´rdoba Argentina
LYS 57 75 LyonSaint-Exupe´ry Airport Lyon France
JAX 53 74 Jacksonville International Airport Jacksonville Florida
NCE 54 73 Nice Coˆte d’Azur International Airport Nice France
MRS 54 71 Marseille Provence Airport Marseille France
COO 39 66 Cadjehoun Airport Cotonou Benin
OAK 65 65 Oakland International Airport Oakland California
BLQ 50 60 Bologna Guglielmo Marconi Airport Bologna Italy
DLA 33 60 Douala International Airport Douala Cameroon
SNA 37 58 John Wayne Airport Orange County California
LIN 38 57 Linate Airport Milan Italy
TLS 43 55 ToulouseBlagnac Airport Toulouse France
KGL 29 48 Kigali International Airport Kigali Rwanda
ONT 39 43 Ontario International Airport Ontario California
FAT 38 42 Fresno Yosemite International Airport Fresno California
CAY 23 39 Cayenne Fe´lix Eboue´ Airport Cayenne French Guiana
CNS 22 38 Cairns Airport Cairns QLD
HOU 18 38 William P. Hobby Airport Houston Texas
BOD 25 34 BordeauxMe´rignac Airport Bordeaux France
PBM 23 34 Johan Adolf Pengel International Airport Paramaribo Suriname
PNS 27 31 Pensacola International Airport Pensacola Florida
BZV 15 29 Maya-Maya Airport Brazzaville Congo
NAN 24 28 Nadi International Airport Nadi Fiji
FLR 21 26 Florence Airport Florence Italy
ELP 22 25 El Paso International Airport El Paso Texas
ROS 13 25 Rosario Islas Malvinas International Air-
port
Rosario Argentina
NTE 22 24 Nantes Atlantique Airport Nantes France
PBI 15 23 Palm Beach International Airport West Palm Beach Florida
HRE 10 22 Robert Gabriel Mugabe International
Airport
Harare Zimbabwe
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Code Imported
cases 2011
Imported
cases 2015
Name City Country/State
DAL 7 22 Dallas Love Field Dallas Texas
TLH 14 21 Tallahassee International Airport Tallahassee Florida
FGI 12 21 Fagali’i Airport Apia Samoa
TRN 17 20 Turin Airport Turin Italy
MDZ 14 20 Governor Francisco Gabrielli Interna-
tional Airport
Mendoza Argentina
MPL 13 19 MontpellierMe´diterrane´e Airport Montpellier France
PNR 10 19 Antonio-Agostinho-Neto International
Airport
Pointe Noire Congo
PPG 17 18 Pago Pago International Airport Pago Pago American
Samoa
ROB 17 17 Roberts International Airport Monrovia Liberia
BJM 10 17 Bujumbura International Airport Bujumbura Burundi
NAP 14 16 Naples International Airport Naples Italy
PMI 13 16 Palma de Mallorca Airport Palma de Mallorca Spain
VLC 11 16 Valencia Airport Valencia Spain
GNV 11 16 Gainesville Regional Airport Gainesville Florida
AGP 10 16 Ma´laga Airport Ma´laga Spain
NDJ 7 16 N’Djamena International Airport N’Djamena Chad
MFE 15 15 McAllen International Airport McAllen Texas
CRP 13 15 Corpus Christi International Airport Corpus Christi Texas
BIO 10 15 Bilbao Airport Bilbao Spain
RSW 13 14 Southwest Florida International Airport Fort Myers Florida
VPS 12 14 DestinFort Walton Beach Airport Fort Walton Beach Florida
LPA 10 14 Gran Canaria Airport Gran Canaria Spain
LGB 14 13 Long Beach Airport Long Beach California
OGG 11 13 Kahului Airport Kahului Hawaii
MAF 9 13 Midland International Air and Space
Port
Odessa Texas
NKC 8 13 NouakchottOumtounsy International
Airport
Nouakchott Mauritania
BRC 8 13 San Carlos de Bariloche Airport San Carlos de Bariloche Argentina
SAH 39 12 Sana’a International Airport Sana’a Yemen
TSV 8 12 Townsville Airport Townsville QLD
EYW 7 12 Key West International Airport Key West Florida
NIM 5 12 Diori Hamani International Airport Niamey Niger
CTA 11 11 CataniaFontanarossa Airport Catania Italy
GOA 10 11 Genoa Cristoforo Colombo Airport Genoa Italy
PUF 9 11 Pau Pyre´ne´es Airport Pau France
GRK 9 11 KilleenFort Hood Regional Airport Killeen/Fort Hood Texas
TRW 9 11 Bonriki International Airport Tarawa Kiribati
PSP 9 11 Palm Springs International Airport Palm Springs California
BES 8 11 Brest Bretagne Airport Brest France
ECP 5 11 The Northwest Florida Beaches Interna-
tional Airport
Panama City Florida
SPN 3 11 Saipan International Airport Saipan Northern Mari-
ana Islands
WDH 9 10 Hosea Kutako International Airport Windhoek Namibia
MLH 9 10 EuroAirport Basel Mulhouse Freiburg Mulhouse/Basel/Freiburg Switzerland
LBB 8 10 Lubbock Preston Smith International
Airport
Lubbock Texas
AMA 7 10 Rick Husband Amarillo International
Airport
Amarillo Texas
SFB 0 10 Orlando Sanford International Airport Orlando Florida
BUR 18 9 Hollywood Burbank Airport Burbank California
VRN 12 8 Verona Villafranca Airport Verona Italy
TAB 10 8 A. N. R. Robinson International Airport Tobago Trinidad and
Tobago
ADE 10 4 Aden Adde International Airport Aden Yemen
Importation routes
In the main manuscript we listed the routes that carry the highest number of infected passengers whose final
destinations lie in non-endemic countries with vector presence. All routes for August 2015 are visualised in Figure S1.
Table 1 lists the routes that carry the highest number of infected passengers whose final destinations lie in non-
endemic countries irrespective of vector presence. In 2015 Dubai International Airport (DXB) is the destination of
most routes listed in Table S4. This can be explained by DXB being ranked the third busiest airport in the world
in 2015 [5].
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Figure S1. Dengue infected passengers who continue to travel to non-endemic countries/states with vector
presence for every route in the air transportation network This map corresponds to August 2015. The thickness
as well as the colour of an edge represent the number of infected people travelling along the corresponding route. Blue
represents relatively lower numbers of infected people, red represents relatively higher numbers of infected travellers and
yellow represents the mid range.
Dengue importations into Queensland
For Queensland we obtained dengue case data from Queensland Health, which records the places of acquisition for
each reported case. We rank the countries of acquisition by the total number of predicted and reported dengue
infected people who arrive in Queensland. We then plotted the reported ranking against the predicted ranking and
calculated the Pearson correlation coefficient. According to the dengue case data, in 2011 and 2015 infections were
imported from 15 and 19 different countries respectively. In Figure S2A we plot the reported ranks against the first
15 and first 19 predicted ranks in 2011 and 2015 respectively. Countries that were ranked by the model, but did
not appear in the data set receive a rank of i + 1, where i is the number of unique importation sources according
to the dengue case data. Similarly, countries that appeared in the data but where not ranked by the model also
receive a rank of i+ 1. Figure S2B shows the correlation between the observed ranking and the predicted ranking
for the full range of predicted ranks. Blue circles correspond to countries with a difference in ranking that is less
than or equal to five, red circles correspond to countries with a difference in ranking greater than five. The circles
are scaled proportionally to the number of reported cases that were imported from the corresponding country. For
circles that lie on the x = y line (grey dashed line) the predicted and reported rankings are equal. Circles that fall
below the x = y line indicate that the predicted ranking was higher than the reported ranking, while circles that
fall above the x = y line indicate that the predicted ranking was lower than the reported ranking. Note that rank
1 is the highest possible rank.
The rank based validation of our model demonstrates that overall, the model captures the different importation
sources well. It does particularly well for the countries from which Queensland receives the most infections. The
correlation coefficient is equal to 0.68 for the first 15 ranks and 0.46 for the full ranking in 2011. In 2015 the first 19
ranks and the full ranking both have a correlation coefficient of 0.52. Following we explain some of the differences
between the data and the model output.
The two largest outliers in both years are Fiji and Taiwan. The predicted ranking for Fiji in 2011 is 2, while the
reported ranking is 10. In 2015 we estimate Fiji to be ranked fifth, however no cases were reported in 2015 and hence
Fiji is ranked last amongst the reported cases. According to the Fijian government tourists are less likely to contract
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2011 2015
Origin DestinationPax Month Origin DestinationPax Month
BOM DXB 85 Jul BOM DXB 142 Aug
CUN MEX 78 Aug DEL DXB 97 Aug
MNL ICN 65 Aug CUN MEX 95 Aug
DPS PER 64 Jan DPS PER 75 Jan
SDQ JFK 58 Aug COK DXB 72 Aug
STI JFK 57 Aug MNL ICN 65 Aug
DEL DXB 56 Jul MAA DXB 59 Aug
MTY MEX 55 Sep SJU JFK 59 Aug
MNL NRT 54 Jul BKK ICN 57 Aug
DEL LHR 53 Aug BKK DXB 55 Aug
Table S4. The ten routes with the highest predicted number of dengue infected passengers who continue
to travel to non-endemic regions.The table lists the direct routes with the highest predicted volume of dengue infected
passengers who continue to travel to non-endemic regions irrespective of vector presence. The last column records the month
during which the highest number of infected passengers are predicted.
the disease than local residents as they tend to stay in areas that are not infested by Ae. aegypti mosquitoes [55]
or where there is likely considerable control effort undertaken by tourism accommodation operators. Since the
incidence rates incorporated into our model do not distinguish between different regions of a source country, the
model is unable to account for such nuances.
Some of the differences between the observed percentages and the predicted percentages can be explained by
under reporting. It is possible that dengue awareness among travellers to one country is greater than the awareness
amongst traveller to another country. Travellers with higher awareness levels are more likely to report to a doctor
if feeling unwell after their return.
Evaluation of the models uncertainty
We use Monte Carlo simulations to conduct an uncertainty analysis of the model. To do so, we vary the models
parameters 〈t〉resc,r , 〈t〉visc,r and n by randomly sampling from their respective distributions. We assume that 〈t〉resc,r
follows a normal distribution with mean µres = 15 days and standard deviation σres = 2. The parameter 〈t〉visc,r is
drawn from a normal distribution with mean µvis equal to c’s median population age in days and standard deviation
σvis = µvis ∗ 0.1. The parameter n comprises two separate periods, the intrinsic incubation period, denoted τ , and
the infectious period, denoted γ. The intrinsic incubation period is known to follow a gamma distribution with
τ ∼ Γ(53.8, 0.1) [19]. The infectious period also follows a gamma distribution with γ ∼ Γ(25, 0.2) [19]. We ran
10,000 simulations for every possible combination of c, r and m and found that the average coefficient of variation
is 13.49%. That is, the models standard deviation is equal to 13.49% of its mean, giving us high confidence in our
predictions.
We conducted a sensitivity analysis for parameter tc,r. The results are shown Figure S3.
14
AB
0 2 4 6 8 10 12 14 16
Predicted ranking
0
2
4
6
8
10
12
14
16
R
ep
or
te
d 
ra
nk
in
g
Indonesia
Fiji
Malaysia
Philippines
Thailand
India
Taiwan
Papua New Guinea
Sri Lanka
Vietnam
Samoa
Hong Kong
Brazil
China
Solomon Islands
Timor-Leste
Panama
Pakistan
New Caledonia
Cambodia
Bangladesh
2011, correlation coefficient = 0.678865979381
0 2 4 6 8 10 12 14 16 18 20
Predicted ranking
0
2
4
6
8
10
12
14
16
18
20
R
ep
or
te
d 
ra
nk
in
g
Indonesia
Malaysia
Thailand
India
Fiji
Philippines
Papua New Guinea
Taiwan
Vietnam
Nauru
Solomon Islands
China
Brazil
Hong Kong
Sri Lanka
Samoa
Vanuatu
Cambodia
New Caledonia
Tonga
Timor-Leste
Myanmar
Nicaragua
Maldives
Somalia
2015, correlation coefficient = 0.517543859649
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Predicted ranking
0
2
4
6
8
10
12
14
16
R
ep
or
te
d 
ra
nk
in
g
Indonesia
Fiji
Malaysia
Philippines
Thailand
India
Taiwan
Papua New Guinea
Sri Lanka
Vietnam
New Caledonia
Cambodia
Pakistan
Timor-Leste
Panama
Bangladesh
2011, correlation coefficient = 0.598827908417
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Predicted ranking
0
2
4
6
8
10
12
14
16
18
20
R
ep
or
te
d 
ra
nk
in
g
Indonesia
Malaysia
Thailand
India
Fiji
Philippines
Papua New Guinea
Taiwan
Vietnam
Nauru
Solomon Islands
Brazil
Sri Lanka
Samoa
Cambodia
Tonga
Maldives
Timor-Leste
Myanmar
Nicaragua
Somalia
2015, correlation coefficient = 0.561829419867
Figure S2. Rank based correlation. Countries are first ranked by the total number of predicted and reported imported
dengue cases. The reported ranking is then plotted against the predicted ranking and the correlation coefficient is computed
(see title of plots). (A) The first 15 and first 19 predicted ranks for 2011 and 2015 respectively. (B) The full predicted
ranking for 2011 and 2015. Blue circles correspond to countries with a difference in ranking that is less than or equal to five,
red circles correspond to countries with a difference in ranking greater than five. For circles that lie on the x = y line (grey
dashed line) the predicted and reported rankings are equal. The circles are scaled proportionally to the number of reported
cases that were imported from the corresponding country.
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Figure S3. Sensitivity analysis of parameters tc,r. The parameter tc,r denotes the number of days a traveller who
arrives at an airport in region r has spent in country c. The graphs shows the change in pc,r,m as tc,r changes for different
values of βc,m, the daily dengue incidence rate.
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Figure S4. Predicted imported dengue infections for returning residents and visitors for US states in 2011.
The bars are stacked to distinguish between returning residents (green) and visitors (blue). The blue solid line corresponds
to the total number of imported cases. The error bars correspond to the model’s coefficient of variance (13.49%) that was
inferred through Monte Carlo simulations.
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Figure S5. Predicted imported dengue infections for returning residents and visitors for US states in 2015.
The bars are stacked to distinguish between returning residents (green) and visitors (blue). The blue solid line corresponds
to the total number of imported cases. The error bars correspond to the model’s coefficient of variance (13.49%) that was
inferred through Monte Carlo simulations.
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Figure S6. Predicted imported dengue infections for returning residents and visitors for Australian states.
The bars are stacked to distinguish between returning residents (green) and visitors (blue). The blue solid line corresponds
to the total number of imported cases. The error bars correspond to the model’s coefficient of variance (13.49%) that was
inferred through Monte Carlo simulations.
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Figure S7. Predicted imported dengue infections for returning residents and visitors for European countries
in 2011. The bars are stacked to distinguish between returning residents (green) and visitors (blue). The blue solid line
corresponds to the total number of imported cases. The error bars correspond to the model’s coefficient of variance (13.49%)
that was inferred through Monte Carlo simulations.
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Figure S8. Predicted imported dengue infections for returning residents and visitors for European countries
in 2015. The bars are stacked to distinguish between returning residents (green) and visitors (blue). The blue solid line
corresponds to the total number of imported cases. The error bars correspond to the model’s coefficient of variance (13.49%)
that was inferred through Monte Carlo simulations.
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Figure S9. Predicted imported dengue infections for returning residents and visitors for non-endemic African
countries. The bars are stacked to distinguish between returning residents (green) and visitors (blue). The blue solid line
corresponds to the total number of imported cases. The error bars correspond to the model’s coefficient of variance (13.49%)
that was inferred through Monte Carlo simulations.
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